ABSTRACT In order to enhance interference immunity and reduce the breakage of rotating shafts (rotors) which happens frequently especially in submersible permanent magnet synchronous motor (PMSM) applications, first a typical rotor structure is established serving as the comparative object, and then two improved schemes with optimal mechanical structure are proposed. Rotor strength, rotor stiffness, and the influence of unilateral magnetic pull on the rotor deflection are calculated analytically. The modal simulation, stress field simulation, and unilateral magnetic pull simulation are analyzed using finite element method (FEM). Position deviation and bending deformation of the rotor caused by the unilateral magnetic pulling force is taken into account to improve the simulation accuracy. The simulation results illustrate that the submersible rotor improved by the proposed schemes presents more excellent stiffness and strength performance compared with the traditional scheme, which indicates that the proposed schemes have important reference values for the structural design of submersible rotor.
I. INTRODUCTION
Submersible motors play a decisive role in the quality and life of the submersible screw pump system. In the process of oil recovery, the breakage of the submersible motor rotor occurs frequently. It has been revealed that the main cause of rotor fatigue failure is low frequency fatigue damage, which is related to the structural parameters of permanent magnet synchronous motor (PMSM) [1] . The most effective way to reduce the fracture of rotating shaft is to improve the low frequency resonance point [1] - [3] .
Several analytical methods are proposed to analyze mechanical characteristics, such as of structure deformation caused by axial electromagnetic force [4] - [7] . Based on the Maxwell stress tensor method, Kim et al. [8] proposed some analytical methods to calculate the radial force, and gave a guideline to reduce noise and vibration of PM-SynRM. Cao et al. [9] summarized the mechanical characteristics of the linear switched reluctance motors (LSRM), and the results illustrated that mover platforms were most prone to
The associate editor coordinating the review of this manuscript and approving it for publication was Ramani Kannan. deformation even within normal force range. Ring and shell theory was used to analyze the natural frequencies of stator structures, and the feasibility in analyzing natural frequencies was verified by experimental methods [10] . The axial electromagnetic force may cause deflection and affect the machine's reliability. The finite element method was used to analyze natural frequencies of different structures of induction motors [11] , [12] . The responses of dominant radial force waves were calculated separately by coupling structural and electromagnetic FEM, and these responses were superposed to assess the noise of the machines within operating range [13] . Liang et al. [14] provided a comprehensive investigation into the electromagnetic vibration associated with the sideband harmonic components introduced by a space vector pulse width modulation applied in integral-slot permanent magnet synchronous machine (PMSM) drives. The resonance phenomenon occurred when the rotating frequency was close to the natural frequency of the rotor, and then vibration resulted in the unevenly magnetic gap and also produced a unilateral magnetic pull force, which affected the motor output ultimately [15] . The main orders of tested noise were explained by the theoretical analysis, and it was found that the zeroth spatial order axial force is dominant for the generation of the vibration and noise in axial-flux motors. Wang et al. [16] provided guidance for the design of low-noise axial-flux motors. Considering rotor vibrations and thermal expansion during operation, a more accurate mechanical stress result was obtained, and the result was verified using experimental method [17] . The influence of geometric structures on modals and natural frequencies were taken into consideration, and then the effect of lamination shapes on vibrations of switched reluctance motors were studied. The effects of boundary condition on vibration and noise were taken into consideration in [18] - [20] . It had been found that the critical motor speed would increase and speed range would also expand as the stiffness of the rotor increase, and the influence of rotor stiffness coefficient on low critical speed of rotor system was studied in [21] . In order to reduce the electromagnetic vibration, Hong et al. [22] presented a new method by sticking a copper ring on the permanent magnet pole of a permanent magnet brush DC (PMBDC) motor, and the results showed that the vibration during motor acceleration processes reduces by up to 40% compared with motors.
At present, ensuring the safe operation of the submersible screw pump production system is one of engineering application research focuses, and it is of great significance to the development of the oil recovery industry [23] . In this paper, a novel safety design method is proposed to avoid motor failure caused by resonance or excessive local deflection. The contributions of this paper are as follows:
(1) Based on modal theory and stiffness theory, a typical rotor structure is established serving as the comparative object, and then two optimal schemes are proposed to instruct the structure design of submersible rotor.
(2) To promote the simulation accuracy, the position deviation and bending deformation caused by the unilateral magnetic pulling force are considered in FEM simulations, which is very helpful for engineering applications.
(3) Finally, the relationship between unilateral magnetic pull force and axis deflection is revealed, and its correctness is verified by simulation results.
II. ANALYSIS THEORY OF ROTOR SYSTEM A. MODAL ANALYSIS FINITE ELEMENT THEORY
The modal analysis method has high practicability and can solve complex structural vibration problems. Modal analysis methods combined with computer-aided design (CAD) can make the analysis results more realistic, and are widely used in the engineering design and development stage.
In modal analysis, the relationship among modal {φ i } and vibration frequency ω i and model can expressed as:
where [K] is the modal stiffness matrix, M is the mass matrix. The system dynamics equation of motion can expressed as:
where [C] is the damping matrix, and {F(t)} is the force matrices. If {F(t)} = 0, then:
In practical engineering applications, the material of the rotor is made of alloy steel, and the system damping is negligible. At this time, it is considered that [C] = 0, then:
{φ} = {0} is one of the solutions, at which point all nodes of the structure are at rest. Solving non-zero solutions must satisfy the following formula:
The square root of eigenvalue ω i is the natural frequency of free vibration of structure. The eigenvector {φ i } is the modal vector corresponding to ω i . The solution of this differential equation is more complex. Generally, the eigenvalue is solved by the FEM.
B. ROTOR STRENGTH CALCULATION
The mechanical properties of the material 40CrMnMo are shown in Table 1 : The maximum shear stress of the rotor cross section is:
where Q is the shear force; A is the shear plane area; τ mu is the critical value of shear stress, and n τ is the shear safety factor. When designing the rotor shear stress, sufficient margin should be left in consideration of the overload capability of the motor.
C. ROTOR STIFFNESS CALCULATION
In order to meet the stiffness requirements, the relative torsion angle on the unit length of the rotor is limited to a certain range during design.
where θ is the relative twist angle for unit length; T is the torque; GI p is the torsional stiffness. θ is the permissible relative twist angle for unit length.
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When θ = 0.25 ∼ 0.5( • )/m, the rotor is a precision mechanical shaft; when θ = 0.5 ∼ 1.0( o )/m, it is a general drive shaft. The rated torque of the motor is 429.7Nm, and the maximum torque multiplier is 2.65. It should be designed to take into account the T max (maximum torque) that can be withstood at the moment of starting.
D. CALCULATION OF THE INFLUENCE OF UNILATERAL MAGNETIC PULL ON THE ROTOR DEFLECTION
In the manufacturing process of slender structure motor, there are errors in the installation of stator and rotor, which lead to eccentricity between stator and rotor, and produce unilateral magnetic pull force, which makes the shaft deflect and bend, and increases the deflection of the motor, which seriously affects the output performance of the motor. Therefore, the influence of unilateral magnetic pull force on the mechanical structure of the motor should be considered in the design. When the center of gravity of the rotating axis moves up ε 0 mm from the stator center, the upper air gap in the vertical direction becomes δ − e 0 and the lower air gap becomes δ + e 0 . Therefore, the gap magnetic density B δ1 of the upper air gap will increase, and the gap magnetic density B δ2 of the lower decrease correspondingly. The gap magnetic density of different sizes on both sides will produce magnetic tension that can't be counteracted each other. At this time, the magnitude of the difference between the two sides of the gap magnetic tension is the magnitude of the unilateral magnetic tension. The unilateral magnetic pull produced by the motor is expressed as:
where β is the empirical coefficients (1.05-1.25); D is the outer diameter of rotor core (mm); l ef is the motor shaft length (mm); B δ is the air gap magnetic density (T); δ is the unilateral air gap length (mm); µ 0 is vacuum permeability; K 0 is the magnetic tensile stiffness (N/mm); ε 0 is the initial eccentricity (mm).
Under the influence of this unilateral magnetic pull, the deflection of the rotating shaft increases to:
where f is the deflection; K is the stiffness; Q is the rotor weight; f Deflection caused by rotor weight. The formula for K is:
where K is the shaft bending stiffness (N/mm); E is the material elastic modulus (MPa); I is the central moment of inertia of the shaft (m · kg · s 2 ); L ef is the distance between bearings on the rotor (cm).
As the deflection increases, the unilateral magnetic tension increases to:
As the deflection increases, the motor deflection continues to increase to:
Additional deflection is generated under the action of unilateral magnetic tension f , which continues to cause additional unilateral magnetic tension. With the increase of the elastic force of the rotating shaft, the deflection caused by the magnetic tension gradually decreases, and finally the elastic force of the rotating shaft is balanced. The total stable deflection due to the magnetic pull should be as follows:
The total deflection of the rotating shaft is equal to the sum of the deflection caused by the unilateral magnetic pull force of the rotor (f δ ), the weight of the rotor (f Q ) and the load at the extension end of the shaft (f ν ).
According to the engineering, the motor deflection is controlled within 10% of the length of the air gap.
III. ANALYSIS AND CALCULATION MODEL OF ROTOR DYNAMICS A. ANALYSIS OF ROTOR WORKING CHARACTERISTICS
The rotor is subjected to bending moment and torque when the motor starts. While increasing the stiffness and strength of the rotor, the size and quality of the motor should be minimized. Fixed with centralized bearing and thrust bearing, the deformation range of the motor can be limited and the stress of the motor can be shared. Alloy steel with better mechanical properties is used to reduce the occurrence of rotor fracture accidents. Carbon steel and alloy steel are mainly used for rotor materials. The mechanical parameters are demonstrated in Table 2 .
The submersible motor works in the vertical direction and has high bearing stiffness. The influence of bending moment on the rotor is far less than that of torque. The calculation on bending moment can be neglected.
In order to ensure the normal operation of the motor under low speed and heavy load, the design of the rotor dynamic characteristics during start-up should be considered to reduce the possibility of damage or breakage. When vibration occurs, the ends of the rotor is susceptible to damage caused by cyclic stress. To avoid vibration, the natural frequencies and mode shapes of the rotor should be predicted before the motor is put into use. Ensure the actual rotor speed is much smaller than the critical speed. The submersible motor generally works in a vertical manner, and the submersible screw pump system is shown in Figure 2 .
The simplified finite element model is shown in Figure 3 . The thrust bearing model is shown in Figure 4 . Based on the finite element method (FEM), the geometric model, physical characteristics and complex boundary attributes of the rotor are simplified, which can effectively reduce the calculation time.
B. MODAL SIMULATION RESULT POST-PROCESSING
Based on the mechanical simulation platform for modal analysis, according to the previous engineering experience, the low-order modes are mainly analyzed in detail, extracted the first six modes, as shown in Figure 5 :
Collate Figure 5 data as demonstrated in Table 3 . Analysis the frequency (Table 3 ) and the mode ( Figure 5 ) yield in the following conclusions:
(1) The rated operating frequency of the motor is 133.33 Hz, and the first order natural frequency of the rotor is 37.899 Hz. When the motor is started, the rotation frequency rises from 0 to 133.33 Hz, and resonance occurs when it is close to the natural frequency. The motor generates noise and the dynamic characteristics are significantly degraded.
(2) Analyze the second-order vibration mode of the rotor, and the vibration occurs at the suction port end. The thirdorder and fourth-order vibration modes indicate that the VOLUME 7, 2019 vibration position is transferred to the eccentric section of the rotor. Under actual working conditions, the middle part of the rotor is prone to deformation. The stiffness and strength of the middle portion of the rotor should be strengthened.
(3) According to the rotor stability theory, when the rotation speed of the rotor is n ≤ 0.7(n 1 is the first-order critical speed), the rotor can be regarded as a rigid axis, and the motor runs smoothly; when n > 0.7n 1 , the rotor is regarded as a flexible shaft, and the motor is easy to resonate. The motor generates noise, and the friction between the rotor and the stator occurs.
The simulation results illustrated that the rotor is a flexible shaft, the rated running speed of the motor exceeds the safe range, the resonance causes the rotor to collide with the stator, the failure rate increases, and the motor cannot output safely and stably.
C. STRESS FIELD SIMULATION RESULTS POST-PROCESSING
Using FEM to solve the solution, the electromagnetic torque and core weight are applied as loads. The equivalent stress and equivalent deformation of the rotor are as follows: It is found that the gravity has small influence on the rotor deformation. The maximum deformation position is in the rear part of the rotor (the maximum allowable deflection is 10% of the air gap, about 0.1 mm), close to the dangerous range, the structure needs to be improved.
D. ANALYSIS OF UNILATERAL MAGNETIC PULL ON THE MOTOR
The calculated results demonstrated that the unilateral magnetic pull force is 494.5N and the rotor deflection is 0.075mm. In order to verify the theoretical calculation value, establish the simulation model, the supporting constraints are applied at the position of the centralized bearing and the equivalent force load is applied at the rotor sheath. The equivalent stress and equivalent deformation are as follows:
The maximum equivalent deformation is 0.0776mm and the maximum equivalent stress is 8.803Mpa. The unilateral magnetic pulling force causes the rotor to be radially deformed, and the central portion of the rotor is deformed to the maximum, which is consistent with the theoretical verification and the actual situation. The analysis found that the initial unilateral magnetic pulling force has a great influence on the rotor. It is necessary to pay attention to improve the process precision and minimize the assembly error. Otherwise, the long-term use will increase the noise vibration of the motor and accelerate the wear of the motor.
IV. CHARACTERISTIC ANALYSIS OF OPTIMIZATION MODEL A. ESTABLISHMENT OF OPTIMIZATION MODEL
Basing on modal analysis finite element theory, two optimization models are established. The number of centralized bearings in the models is different, and the bearing position distribution is shown in the figure. At the same time, the influence of centralized bearing on the deformation and natural frequency of rotor is analyzed.
B. MODAL SIMULATION RESULT POST-PROCESSING
The first six natural frequencies and modes of Model 1 are shown in Figure 12 : The first six natural frequencies and modes of Model 2 are shown in Figure 13 :
The results of natural frequencies are shown in Table 4 and  Table 5 .
When model 2 is used, the natural frequencies of the six modes are close, and continuing to join the righting bearing will not significantly increase the natural frequency of the motor. The second low-order natural frequency of the model is higher than the rated frequency of the motor, which avoids motor resonance and friction.
In this paper n N = 1000r/min, the two motor shafts of the model are rigid shafts, and the resonance process does not occur during the starting process, and the motor can run smoothly.
C. STRESS FIELD SIMULATION RESULTS POST-PROCESSING
Using FEM to solve the solution, the equivalent stress and equivalent deformation distribution of the rotor are as follows:
Analysis of Figure 14 and Figure 15 , the maximum strain position of the rotor is in the back part, and the strength of the end of the suction port is greater than the stress, so that the system can operate safely. The maximum deformation and equivalent stress are shown in Table 6 .
The maximum equivalent force of the rotor at rated torque is 83.946MPa, which is in line with the bearing material receiving range. After several tests, the range of torque applied under deflection is calculated. In Figure 16 and Figure 17 , the strain and stress of the rotor increase linearly with the change of the torque. Because the submersible motor is placed vertically, the stress generated by gravity in the radial direction of the shaft is approximately zero. The equivalent deformation and pressure caused by gravity during motor starting are negligible. Analyze the shaft's strain range, find the maximum strain position of the motor, use the righting bearing to constrain the shaft deformation, share the shaft stress, and effectively avoid the friction between the stator and the rotor.
D. ANALYSIS OF UNILATERAL MAGNETIC PULL ON THE MOTOR
The calculated unilateral magnetic pull force is 494.5N, and the shaft deflection is 0.065mm, which is less than 0.1 times the air gap length, the motor can work safely. In order to verify the theoretical calculation, the rotor simulation model is established, the support constraint is applied at the rotor support bearing position according to the constraint condition, and the effective load such as the unilateral magnetic pull force is applied at the motor shaft sheath position. The results are as follows: Figure 18 illustrated that the radial deformation of the shaft is caused by unilateral magnetic pull, and the maximum deformation is in the middle position. The deformation and stress data of unilateral magnetic pull are shown in Table 7 .
The deflection of the motor shaft is 0.00776mm, less than 0.1 times the air gap length, and the maximum equivalent stress is within the range of the bearing, which meets the design requirements.
It demonstrated that the initial unilateral magnetic pull has a great influence on the rotor. Long-term use will accelerate the wear and tear of the submersible motor, increase the noise and vibration. When manufacturing a motor, we should pay attention to improve the process accuracy and minimize the assembly error.
V. CONCLUSION
Basing on modal analysis finite element theory and stiffness theory, the paper proposes two schemes that are used to instruct the structure design of submersible rotor, which can reduce the uneven air gap caused by the deflection of the rotor shaft. The position deviation and bending deformation of the rotor caused by the unilateral magnetic pulling force are considered in the proposed schemes. Simulation results indicate that the submersible rotor designed by the proposed schemes offers a good performance in stiffness and strength, and the vibration frequency can be predicted to avoid resonance, which has a promising application value in submersible rotor's structural design in practical engineering. JING SHANG was born in 1968. He received the Ph.D. degree with the Department of Electrical Engineering, Harbin Institute of Technology, where he is currently a Professor. His research interests include small and special motor and controlling, and so on.
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